A B S T R A C T We have developed
INTRODUCTION
A vascular bed is a complex structure lined by a layer of endothelial cells. This lining prevent the uncontrolled leakage of soluble blood stream components while mediating the migration ofleukocytes from the vascular bed into the tissues. There is increasing evidence that the endothelial cells play an active role in these events (1, 2) .
Our earlier studies have examined the effect of inflammation and neutropenia on neutrophil margination and chemotaxis in vivo (3) . These and other reports prompted our search for a method to study these processes in vitro. In an attempt to create a system which more closely mimics the intact vascular bed, we have developed a technique for measuring neutrophil migration through endothelial monolayers grown on polycarbonate filters. We Electron microscopy. Filters to be used for electron microscopy were placed in Karnofsky's fixative for a minimum of 1 h, then transferred to 0.1 M phosphate buffer (pH 7.3) for 24-48 h. The filters were subsequently fixed in 1% osmium tetroxide in 0.1 M phosphate buffer for 1.5 h, dehydrated in graduated alcohols, and embedded in Epon. Sections were stained with uranyl acetate and lead citrate.
Neutrophil preparation. Heparinized blood was obtained from normal healthy donors. Neutrophils were isolated by Ficoll-Hypaque sedimentation and contaminating red cells removed by dextran sedimentation and hypotonic lysis (7, 8) . The neutrophils were then suspended in modified Hank's balanced salt solution at a concentration of 20 x 106 polymorphonuclear leukocytes/ml.
Isolated neutrophils were labeled with 51Cr (10 uCi/106 polymorphonuclear leukocytes) using a modification of the Gallin et al. (9) method. Labeled cells were resuspended in meditum 199 with 2% bovine serum albumin to a final concentration of 2 x 106 polymorphonuclear leukocytes/ml. A portion of the labeled cells was counted to determine specific radioactivity. In the final suspension, 96 _ 2% of the 5'Cr was cell associated.
Neutrophil migration studies. Chemotaxis chambers were constructed for our laboratory from cast acrylic rods, which were carefully milled to create a modified blind well system. Upper and lower compartments were separated by two 25-mm filters and sealed with a silicone 0 ring. These chambers were thoroughly cleaned, dried, and warmed to 37°C before use. The chemoattractant for these studies, a 0.1 ,uM solution of F-Met-Leu-Phe in medium 199 (10) , was added to the lower compartment. This was covered with a 3-,um nitrocellulose filter followed by a 5-,um polycarbonate filter. In studies using monolayers, the upper filter was a polycarbonte filter upon which a monolayer had been grown. All monolayers were washed in phosphate-buffered saline before use in the chambers.
To measure neutrophil migration, 1 ml of 5mCr-labeled neutrophils (2 x 106 cells) was layered over the surface of the upper filter, and the chambers were incubated at 37°C at 100% humidity. After incubation, the fluid from both wells was aspirated, the lower by sampling through the filter with a small gauge needle, and the chambers carefully disassembled. Before counting, the nitrocellulose filter was rinsed-dipped twice in saline to dislodge any loosely adherent neutrophils.
For each experiment triplicate or quadruplicate filters were counted for 1 min in an automated gamma counter. Raw counts were corrected for relative radioactivity according to the standard equation: observed counts per minute x 10,000/ counts per minute/106 cells (9) .
Albumin studies. Bovine serum albumin was labeled with 125I using the method of McConahey and Dixon (11), resulting in a solution in which 96% of the label was protein bound. This stock solution was diluted with 3% unlabeled bovine serum albumin in medium 199 to produce a radioactivity of 30,000-40,000 cpm/ml.
The lower compartment of the chemotaxis chamber was filled with medium 199; the upper with 1 ml of the diluted 1125I]albumin solution. The compartments were separated by the standard two-filter system, with or without attached endothelial monolayer. Permeability of the filters to radioalbumin was expressed as counts per minute per milliliter in the lower well with all counts normalized to a standard radioactivity (10,000 cpm) of the albumin solution in the upper compartment.
RESULTS
Endothelial monolayers could not be obtained when cells were plated on untreated filters. Confluent monolayers were demonstrated on gelatin-treated polycarbonate filters, usually within 2 d ofplating. To assure uniformity on all filters, however, the monolayers were allowed to grow for a minimum of 3 d before use in the assay.
Cells on filters were examined by transmission electron microscopy to determine the continuity of the cell layer and the nature of the intercellular junctions. As seen on nonporous surfaces (6), the cultured cells had a typical endothelial appearance with features similar to those seen in endothelial cells in vivo. Large numbers of caveoli and vesicles were present at both surfaces of the cell. The cell layers showed extensive regions of overlap at cell junctions, gap junctional complexes, and accumtulation of cytoplasmic filaments aloing the basal cell membrane. Extracellular material with the appearance of basal lamiiina was seen on the basal cell surface, but never on the luminal surface. As shown in Figs. 1 and 2 , the pores in the membrane were bridged by the continuous sheet of endothelial cells, although in some cases portions of the cytoplasm also extended down into the pore.
Studies of ['251jalbumin permeability provided a ftinctional evaluation of monolayer integrity. As shown in Fig. 3 , albumin passage through the filter system without a monolayer showed a near linear increase throughout the incubation period. In studies with the monolayer, the amount of labeled albumin appearing in the lower well represented 4.5% of the total label at 90 min and did not increase further throughout the period of incubation. In both experiments there was a background value of 500-800 cpm that was presumably caused by leakage at the time of sampling the lower well.
Labeled neutrophils moved readily through the endothelium in response to the chemoattractant, whereas minimal migration occurred, even at 90 min, when the chemoattractant was omitted (Fig. 4) . When compared with the studies in chambers with filters alone, migration through endothelial monolayers was significantly lower (P < 0.01, t test) both in the presence and absence of chemoattractant. Gel-treated filters without monolayers gave results similar to the untreated filters. DISCUSSION The process of neutrophil migration and adherence may be evaluated by a number of in vitro methods. Neutrophil migration through micropore filters has been the standard means of assessing granulocyte movements in response to various chemoattractants (12, 13) . Attachment to glass, plastic, and nylon fibers have been used to simulate neutrophil interaction with vascular surfaces (14) (15) (16) face charge (17) and chemiluminescence (18) during chemotaxis in vitro.
Recently, cultured endothelial cells have been used to evaluate the process ofneutrophil adherence (16, 19) . Similar studies suggest that the endothelium secretes substances which directly influence adherence (1, 2) . This apparent active role for the endothelium has made an understanding of neutrophil-endothelial cell interactions critical to the understanding of neutrophil adherence and migration in vivo. The standard adherence and chemotaxis assays have not provided a means to evaluate the entire process of neutrophil migration through a biologic barrier. Whereas migration through endothelial cells on plastic (20) and epithelial cells on filters (21) have been reported recently, no method is currently available for quantitatively evaluating the in vitro migration ofneutrophils through endothelial cells.
We describe here a method for preparing endothelial monolayers on porous filters. These monolayers appear to be confluent by phase and electron microscopy, and by functional testing with 1251-labeled albumin. Our studies demonstrate that neutrophils will move through this monolayer in response to chemoattractants. Without such a stimulus, minimal migration occurs, even after 90 min of incubation.
The monolayer/filter system provides a means for simultaneously examining the effect of stimuli on 586 
